• Seasonal corn N uptake was greater with ridge-till than with no-till.
O nly during recent decades has corn production in the eastern Great Plains expanded from relatively small areas of bottom-land ground along rivers to the more extensive, upland, claypan soils of the area. Droughty conditions in July and August coupled with the claypan subsoils found in the area result in limited plant-available moisture storage in these soils during critical reproductive growth stages of full-season corn. However, the introduction of short-season corn hybrids, which reach reproductive stages earlier than full-season hybrids, presented the potential to avoid or lessen the effects mid-summer droughts.
No-till corn often yields less than corn grown in a tilled system (Vetsch et al., 2007; Iragavarapu and Randall, 1995; Kladivko et al., 1986) with less N uptake in the grain (Iragavarapu and Randall, 1995) and requiring more N for maximum yield and profit (Stecker et al., 1995) . In a review, DeFelice et al. (2006) reported that lower corn yields with no-till occur in cold climates or on poorly drained soils. This agreed with Al-Kaisi et al. (2015) , who found that corn yield and economic penalty were greater with poorly drained soils in northern locations. On poorly drained claypan soils, no-till corn yields are often lower than with tillage (Sweeney et al., 2008) , even in low-yielding conditions (Sweeney, 2016) .
Nitrogen management, especially when compared across different tillage systems, has the potential to impact corn production. The importance of N management on corn yield has been shown in no-till (Fox et al., 1986; Howard and Tyler, 1989) and ridge-till systems (Blaylock and Cruse, 1992) . Mengel et al. (1982) reported greater corn yields with subsurface placement of N fertilizer in notill, but the response was less with conventional tillage. Fertilizer N uptake by corn and sorghum [Sorghum bicolor (L.) Moench] can be more efficient with subsurface placement across various tillage systems (Timmons and Cruse, 1990; Locke and Hons, 1988) . Data are limited regarding N fertilizer placement and rate effects on N uptake by short-season corn grown in ridge-till and no-till systems on claypan soils of the eastern Great Plains. Therefore, the objective of this research was to determine the effect of N fertilizer rate and placement on seasonal N uptake by short-season corn grown in no-till and ridge-till systems on a claypan soil in the eastern Great Plains.
MAterIAls And Methods
The overall experiment was previously described in Sweeney and Jardine (2004) and is summarized here for the reader's benefit. The soil was a Zaar silty clay (fine, montmorillonitic, thermic Vertic Hapludoll) with approximately 30 cm of topsoil overlying a "claypan" B horizon. Selected background soil chemical analyses in the 0-to 15-cm depth were 6.7 pH (1:1 soil/water), 11 mg kg -1 P (Bray-1), and 110 mg kg -1 K (1 M NH 4 C 2 H 3 O 2 extract) analyzed by North Central Region Agricultural Experiment Stations recommended procedures (Dahnke, 1980) . The experimental design was a splitplot arrangement of a randomized complete block with four replications. The main plots were ridge-till or no-till. Ridges were reformed each year approximately 2 mo prior to planting using a Buffalo cultivator with ridging wings (Fleischer Manufacturing, Columbus, NE). The subplots (3.0 × 9.1 m) were a 5 × 3 factorial arrangement of N fertilizer rate (0, 34, 67, 101, and 134 kg ha ) within a day prior to planting. Banded dribble and knifed fertilizer solutions were applied on 76-cm centers using a single shank for each of the four rows in a plot. Both dribble and knife applications were offset by approximately 10 cm from the row center to avoid potential effects on seed placement and germination. Corn (Pioneer 3737, 95-d) was planted in mid-April in 1996, 1997, and 1998 on 76-cm centers. Each year, 24 kg P ha -1 and 46 kg K ha
were applied with a fertilizer attachment on the planter. The two middle rows in each plot were harvested for yield. To evaluate corn response to tillage at uniform populations, corn was overseeded in 1997 and 1998 and plant stands were later thinned to 49,000 plants ha -1 at the V8 growth stage. Determination of yield components in 1997 and 1998 (Sweeney and Jardine, 2004) were as follows: duplicate measures of 100 kernels from a subsample of the plot yield were used to determine kernel weight, the number of ears in harvest rows kernel weight were counted prior to harvest to calculate the number of ears per plant, and the number of kernels per ear for each plot were calculated from yield and yield components.
For determination of tillage and N management treatment effects on N uptake, data were used only from 1997 and 1998 where plant populations were uniform. Four aboveground whole plant samples were collected randomly from the two guard rows of each subplot at the 8-leaf (V8), 12-leaf (V12), silk (R1), and dough (R4) growth stages (Ritchie et al., 1993 (Ritchie et al., ) in 1997 (Ritchie et al., and 1998 . Plant samples were dried at 60°C and weighed. After grinding to pass a 1-mm screen, a subsample was analyzed for total N (Crooke and Simpson, 1971) in a H 2 SO 4 -H 2 O 2 digest (Lindner and Harley, 1942) . Plant stand was used to convert sample dry matter to a perhectare basis. Nitrogen uptake was determined as the product of dry matter and total N concentration. Apparent N recovery was calculated by plot for each individual treatment combination of N placement and rate (34, 67, 101, and 134 kg ha -1 ) within a tillage system in each replication. Apparent N recovery (%) N uptake in treatment N uptake in 0 N rate 100 Fertilizer rate
Data from 1997 and 1998 were analyzed using the Proc Mixed procedure of the Statistical Analysis System (SAS) (Littell et al., 1996) . Block (REP) was considered as random. Year was treated as a strip-plot fixed effect, so that across years the data were analyzed as a strip-split plot. However, since year × treatment interactions were few and appeared to result from magnitude differences rather than from contrasting response patterns, results shown in this study are from the 2-yr average data presented to clarify archetypal responses, which are useful for practitioners. Regression of N uptake at each sampled growth stage against N rate was done using Proc REG of SAS. For treatments showing consistent season-long effects, average N uptake was regressed against average number of days after planting using third-degree polynomial (cubic) functions. The first derivative described daily uptake rates and the second derivative set equal to zero estimated the day of maximum N uptake. Relative (% of maximum) yield and yield component means across 1997 and 1998 (n = 30) were regressed against N uptake at the R4 growth stage using Proc REG of SAS.
results And dIsCussIon tillage effects
Nitrogen uptake was consistently affected by tillage during vegetative and reproductive growth stages (Table 1) . Ridge-till resulted in greater N uptake by corn early in the growing season, and this difference persisted through the growing season (Fig. 1) . Although the magnitude of this difference increased from 4.5 to 11.5 kg N ha -1 as the corn progressed from the V8 to R4 growth stage, N uptake was 53 to 20% greater with ridge-till than with no-till. On a similar claypan soil, Sweeney (1993) found that N uptake by grain sorghum was greater with ridge-till than with no-till, and the relative reductions for no-till declined from about 30% early in the season to only about 10% at the soft dough stage. Ridge-till may concentrate table 1. Analysis of variance significance levels across years for the effect of tillage, n placement, and n rate on n uptake at the V8, V12, r1, and r4 growth stages and apparent n recovery at r4.
Treatment N uptake
Apparent N recovery at R4 V8 V12 R1 R4 "labile N-rich residues within the in-row space near plant" to "improve the availability of inorganic N" in the soil (Kane et al., 2015) and supply more available N for uptake by crops (Liu et al., 2018) , which may help explain improved N uptake in this study. Averaged over N treatments, the N uptake rate with ridge-till maximized at more than 1 kg ha -1 d -1 shortly after the V12 stage, whereas the maximum N uptake rate with no-till was <1 kg ha -1 d -1 at its maximum, which occurred later in the season near R4 (Fig. 2) . Because the potential number of kernels per ear and ear size are generally determined at the V12 stage (Ritchie et al., 1993) , greater early season N uptake by corn with ridge-till than no-till (V12) may partially explain greater yield and kernels per ear with ridge-till, particularly in a higher yielding environment (Sweeney and Jardine, 2004) .
nitrogen rate and Placement effects
Nitrogen fertilization rate affected corn N uptake at all measured growth stages (Table 1) . Nitrogen uptake response as affected by N rate was nonlinear at all sampling dates from V8 to R4 (Table 2 , Fig. 3 ). At V8, N uptake increases were small, likely related to limited root growth early in the season, and were significant only at low N rates. However, by the dough stage (R4), the quadratic N uptake response increased with increases in N rate. Even though increasing N fertilization rate increased N uptake rate, maximum values generally occurred near the beginning of the reproductive growth stage (data not shown). Olness (1984) reported the day of maximum uptake by corn to be around 70 d after planting for N rates up to 180 kg ha -1
. Similarly, the day of maximum N uptake by grain sorghum grown on claypan soil was similar for different fertilizer treatments (Sweeney, 1993; Sweeney et al., 2013) .
The main effect of N placement did not consistently affect N uptake throughout the growing season (Table 1) . However, by the R4 growth stage, N uptake was affected by an interaction between N placement and tillage (p = 0.03) and by an interaction between N placement and rate (p = 0.07). Nitrogen uptake by corn at R4 in ridge-till was unaffected by placement, but with no-till, banded applications of N as either dribble or knife resulted in nearly 20% greater N uptake than with broadcast applications (Fig. 4) . Surface broadcast application of urea-ammonium nitrate solution can result in yield loss in conservation tillage systems (Viswakumar et al., 2008) because of reduced fertilizer efficiency (Stecker et al., 1993) . Commonly in ridge-till systems, the peak of the ridge is brushed aside by row cleaners on the planter to expose a mellow seedbed. In our study, planting was done within a day of applying the N fertilizer and this slight incorporating action may partially explain the reason 1 . effect of tillage systems on aboveground plant n uptake at different growth stages averaged across n placement, n rate, and years. Fig. 2 . nitrogen uptake rate by corn during the growing season as affected by tillage averaged across n placement, n rate, and years. Y' denotes n uptake rate functions with time derived by taking the first derivative of the regression of measured total n uptake with days after planting. that N uptake in the broadcast treatment was not diminished in ridge-till as was observed in the no-till system (Fig. 4) . The N uptake response by corn to low N rates was greater with knife than dribble or broadcast application (Fig. 5) . However, as N rate exceeded 67 kg ha
, response to knifing diminished, but uptake continued to increase with increasing N rate with surface applications (Table 2, Fig. 5 ). In general, apparent N recovery was 40% or less with few differences with placement and rate (Fig. 6) . Al-Kaisi and Kwaw-Mensah (2007) found that N recovery exceeded 40% at low N rates but was <40% at greater N rates. Schindler and Knighton (1999) also reported fertilizer N uptake values of <40%. In this study, the interaction between N placement and rate on apparent N recovery (Table 1) showed that only at low N rates with knife application did apparent N recovery exceed 40% (Fig. 6 ). Halvorson and Bartolo (2014) found that "nitrogen recovery efficiency (RE) tended not to vary with N rate, " but their lowest N rates were greater than used in this study.
relationship of nitrogen uptake to Yield and Yield Components
In this study, N management and tillage systems affected N uptake by corn. Since the majority of the N taken up by the plant has occurred by R4 (Ritchie et al., 1993) , relative corn yield, expressed as a percentage of the maximum, was regressed against N uptake. The response appeared nearly linear as relative yield was improved from about 30% of maximum with nearly 40 kg N ha -1 uptake to about 80% of maximum at uptake values approaching 80 kg N ha -1 (Fig. 7A) . However, at greater N uptake values, curvilinear responses suggested that increases in relative yield to greater N uptake declined. Since population was fixed in this study by thinning to 49,000 plants ha -1 , the components contributing to yield were ears per plant, kernels per ear, and kernel weight. Regressing the relative number of kernels per ear against N uptake showed a similar response (Fig. 7B : p < 0.01, R 2 = 0.89) to relative yield by improving the relative number of kernels per ear from around 40% of maximum at the lowest N uptake to about 90% of maximum at 80 kg N ha -1 taken up at R4. In contrast, N uptake had less effect on relative kernel weights and ears per plant ( Fig. 7C  and 7D ). Even with the lowest N uptake, kernel weights and ears per plant were about 80% of maximum. Initial improvements in N uptake tended to increase relative kernel weights and ears per plant, but increasing N uptake above about 70 kg ha -1 had little or no effect on relative values. These results suggest that N uptake values relate to corn crop yield primarily by improving kernels per ear, with lesser effects on kernel weight and ears per plant.
suMMArY
On a claypan soil, N management within conservation tillage systems affected N uptake by corn. Ridge-till consistently improved N uptake compared with no-till throughout the growing season. Maximum N uptake rate was earlier in the season and greater with ridge-till than with no-till, perhaps helping to contribute to greater corn yields. Early in the season, corn N uptake was increased with initial N fertilization rates, but not at higher rates. However, as the season progressed, N uptake improved through all rates. Although the effect of N fertilizer placement on corn N uptake was not consistent during the entire season, by the R4 growth stage, placement did not affect N uptake in ridge-till but was greater with banded (dribble and knife) applications than with broadcasting in no-till. At low N rates, knifing increased N uptake at R4, likely because of improved apparent N recovery, but N uptake was unaffected by placement at greater N rates. Improving total N uptake increased yield, primarily by increasing kernels per ear, with lesser effects on kernel weight and ears per plant. 
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